The paper presents results of the long-term environment radioactivity monitoring in the vicinity of the decommissioned Salaspils Nuclear Reactor. Data include Cs-137 contamination levels of soils, H-3 concentration in ground waters, as well as gross beta activity of sewage and rainwater drainage of SNR. Special attention is devoted to the radioactive pollution of water due to leakage from the special wastewater basin detected in December 2014.
INTRODUCTION
Radiation hazard for population is a topic attracting nowadays growing attention. According to public opinion, nuclear reactors are regarded as the most dangerous potential sources of such hazards. The Salaspils Nuclear Reactor (SNR) near Riga had been in operation for a long period which could have resulted in pollution of the closest surrounding territory with artificial radionuclides: products of activation or fission. The most important of these artificial radionuclides are Cs-137, and H-3.
The use of beryllium (Be) cassette for neutron reflection in the reactor core resulted in the production of tritium in water of the reactor tank, and first contour. Nuclear reactions involved in the tritium production process (Eq.1) include fast neutron capture by 9 Be nuclei, and thermal neutron capture by 6 Li and 3 He nuclei, as well as beta-decay of 6 He, and (1)
Tritium could have leaked into environment (in the form of vapour and contaminated water).
The regular Cs-137 monitoring of soils around the decommissioned SNR has been carried out since 1998. Activity monitoring of gamma-and beta-ray emitting radionuclides in the ground waters around SNR was started in 1990. Tritium monitoring of ground waters has been carried out since 1997. Some results have been published earlier in [2] , [3] .
The aim of present research is to provide an overview of the long-term study of presence and concentration of artificial radionuclides in soils and waters of the three kilometre radius area around SNR after its shutdown. Data include Cs-137 activity in soils, tritium and gross beta activity in ground waters and sewage. Accumulation and migration of artificial radionuclides in the soil and ground waters of SNR vicinity have been studied as well. The obtained results are compared with the background radioactivity level in the rest of Latvian territory [4] , [5] , as well as with national and EU regulation requirements [6] , [7] .
In December 2014, a high activity concentration (~ 5•10 3 Bq/l) of tritium was discovered in the control wells near the special sewage water storage basins. The cause of this incident was water leakage due to basin's metal wall corrosion. Systematic radionuclide contamination control of water was carried out during all stages of deactivation and repair works. The present paper provides an overview of these measurements as well as takes stock of situation after the liquidation of this pollution source.
EXPERIMENTAL PROCEDURE
For the regular monitoring of Cs-137 activity in soils of the three kilometre zone around SNR, five fixed checkpoints were selected (3 points inside, and 2 points outside the SNR territory). Each sampling point had an area of 1 m 2 . Every year in August-September, 5 samples (sample size -8 cm x 8 cm) were taken at each checkpoint from the upper soil layer (0-5 cm) and mixed. Then, samples were dried at 105 °C to attain constant weight, homogenized, filled into 1 l Marinelli beakers and weighted. Radionuclide concentration measurements were performed using the gamma-ray spectrometry methods [8] , [9] employing the high resolution HPGe gamma-ray spectrometers Ortec or Canberra with the Genie TM 2000 software system [10] . Massic activity of Cs-137 in soil samples was determined from intensity of the 661.657 keV γ-line. The uncertainty of measurement results was within the range of 3-10 %, the minimal detectable activity (MDA) -0.3 Bq/kg.
Gamma-ray spectrometers were calibrated for gamma-ray energy and efficiency measurements using certified mixed standard volume source traceable to NIST. Regular energy and efficiency stability checks of gamma-ray spectrometers were carried out using certified Co-60, Cs-137, and K-40 sources.
In order to monitor tritium concentration in the ground waters around SNR, control wells were made at distances ca. 5 to 200 m from the reactor tank and special sewage basins (see Fig. 1 ). Ten wells are located inside SNR territory, and twelve wells -outside the reactor fence. The control wells are numbered and grouped as A, B, and V according to their depth as follows (see Fig. 2 ). The distance between A, B, and V wells within groups 1-4 is 1.2 m; between wells 7A and 7V ̶ 0.75 m; and between wells 8A and 8V ̶ 0.7 m. The well X1 is 4 m, and the well X2 -6 m deep. The liquid scintillation counting method [11] was used for determination of tritium activity in ground waters. Collected samples of ground water were distilled and then mixed with a scintillation cocktail (OptiPhase "HiSafe"3) in a polyethylene vial. The optimal mixing ratio was 8 ml of distillate, and 12 ml of scintillation cocktail. Measurements of tritium activities were performed with the liquid scintillation spectrometer (Packard TRI-CARB 2100 or Hidex 300 SL). Measurement time was up to 12 hours or until statistical uncertainty less than 2 % was achieved. For this counting time, MDA was 4 Bq/l. For determination of gross beta-activities [12] , collected 1 l samples of ground water and/or sewage were evaporated. Measurements were performed using the calibrated Tennelec-Solo device.
Credibility of obtained results was ensured by the quality assurance and control according to the main requirements of the ISO/IEC 17025:2008 standard [13] .
RESULTS AND DISCUSSION

Monitoring of Soils in the SNR Territory
Measurements of radioactivity in the soil samples of the three kilometre zone around SNR established only presence of Cs-137, as well as natural radionuclides: K-40, and decay products of Th-232 and U-238 chains [2] . It was found that concentration of Cs-137 differed significantly in the adjacent places. These variations could be explained by different sorption of Cs-137 in various soil types [14] and location of the checkpoint (grassland, plough land, coniferous or leafy forest, etc.). The massic activity of Cs-137 in the grassland and plough land was from 0.3 up to 26 Bq/kg. In forest, the massic activity of Cs-137 was from 38 to 227 Bq/kg. The maximal Cs-137 massic activity in the SNR territory -227 Bq/kg -was found in the pine forest.
Let us compare these results with Cs-137 activity from the global fallout including Chernobyl. The average Cs-137 massic activity in the Latvian soil was determined at 140 Bq/kg [5] . In the east part of Latvia, the maximal Cs-137 massic activity was determined at 319 Bq/kg, while in the west regions -between 150 and 950 Bq/kg [4] . Therefore, the Cs-137 activity level in the SNR territory is below the contamination values established in Latvian soils [5] , [15] . Waters of the SNR territory were also monitored for the gross beta activity. In the ground waters, this activity varied in the range from 0.05 to 0.35 Bq/l. The allowed gross beta activity level for water is 1 Bq/l [6] . The gross beta activity of water from the SNR sewage and rainwater drainage systems (Fig. 5 ) displayed correlation with reactor operation (1994-1998) and the partial dismantling of reactor systems (2007) (2008) (2009) ). In 1998, the gross beta activity was smaller because SNR operation stopped in June. 
Monitoring of Ground and Sewage Waters
Radioactive Pollution Incident at the Decommissioned SNR
In December 2014, a high level of water pollution with tritium was detected in the control wells X1, and X2 (see Fig. 1 In order to liquidate the possible environmental pollution source and to eliminate possibility of future incidents, the deactivation and repair works plan was elaborated. This plan included regular dosimetry and water radioactivity control measurements and was approved by the National Radiation Safety Authority.
101.2 m 3 of contaminated water from sewage basins No.1, and No.2 were pumped out and filled into double layer containers (a 100 litre plastic barrel within a 200 litre metal barrel). Maximal measured dose rate on the outer surface of water containers was 0.9 -1.0 μSv/h due to the total Cs-137 activity of water in the container. These containers were stored: part in the temporary storage building, and part in the former reactor hall.
The radioactive sludge mixed with the ion exchange resin covering bottom of basin No.1 was gathered, packed in 14 metal barrels (2800 litres) and stored within A-172 type containers in the reactor hall. Since dose rate on some filled barrels was 25-30 μSv/h, three barrels with sludge and scrap metal parts were cemented within A-172 type containers.
When all contaminated water and sludge were removed, both sewage basins were washed with pressurized water streams. Resulting radioactive water (~150 liters) was pumped into the above-mentioned double layer containers and stored.
After the decontamination, the ambient gamma dose rate in basin No.1 was 1.5-3.0 μSv/h, and in basin No. 2 -0.3-0.55 μSv/h. Then, the seams of metal tanks in sewage basins No. 1, and No. 2 were checked and all detected cracks were welded.
Radioactivity control measurements were carried out during all stages of the emergency works as well as after completion of the task. Table 1 presents Cs-137, and H-3 activity levels in both basins at main stages of the work. Registered activity of Co-60, natural radionuclides K-40, and U-238 was negligible, except in sludge at the bottom of basin No.1 where Co-60 massic activity reached 4330 Bq/kg. Table 2 presents maximal Cs-137 and H-3 activities detected in the water of control wells of the SNR territory. Maximal activities were found in wells X1 and X2, which were closest to the basins. Figure 6 presents variations of tritium activity in control wells X1 and X2 during the incident and emergency works. The maximal Cs-137 massic activity 12.9 Bq/kg was detected in the well X2 in the middle of March, 2015 when basins were washed.
Radionuclide content in other control wells of the SNR territory (see Fig. 7 ) was much lower: the maximal activity level ~600 Bq/l was observed in the well 5V. In some control wells, presence of natural radionuclides K-40 and U-238 in water was detected as well. It could be explained by washing out of clay layer. Measurements carried out after the incident showed that tritium content in wells outside the reactor fence was below limits allowed for drinking water. 
CONCLUSIONS
The obtained results presented dynamics of artificial radionuclide concentration in soils and ground waters in the vicinity of SNR depending on years and location.
1. The results of Cs-137 monitoring in soils showed that the massic activity varied in different places of the SNR territory. However, it did not exceed the average global Cs-137 fallout level value in the Latvian territory (~140 Bq/kg).
2. The results of tritium, activity measurements show variation within a wide range (5-8000 Bq/l) for particular years. Seasonal changes of activity were established as well. The activity concentration of tritium in the wells outside the SNR territory was below the level permitted for drinking water in Latvia (100 Bq/l). 3. The determined gross beta activity level in the ground waters of the SNR territory was below 0.35 Bq/l, which was within limits permitted by regulations. 4. The performed monitoring allowed timely establishing the emergency situation related to the water leakage from the storage basin and ensuring the elimination of the possible large scale environmental pollution. 5. The monitoring showed that the amount of radionuclides produced by SNR had little impact on the total radionuclide content in the Latvian environment.
